Abstract Gait speed is associated with multiple adverse outcomes of aging. White matter hyperintensities (WMH) on magnetic resonance imaging (MRI) have been associated with gait speed, though few studies have examined changes in gait speed over time in population-based studies comprising participants from diverse cultural backgrounds. The purpose of this study was to examine the association between a decline in gait speed and total and regional WMH volumes in a community-based study of aging. Participants (n = 701) underwent gait-speed measurement via a 4-m walk test at the time of initial enrollment and MRI at a second time interval (mean 4.7 [SD = 0.5] years apart). Logistic regression was used to examine the association between large WMH volume and regional WMH volume with gait speed\0.5 m/s (abnormal speed), and a transition to abnormal gait speed. Analyses were adjusted for demographic and clinical factors. Large WMH volume was associated with abnormal gait speed and a transition to abnormal gait speed between the two visits, but not after adjustment for modifiable vascular disease risk factors. Increased frontal lobe WMH volume was associated with abnormal gait speed and transition to abnormal gait speed, but not in adjusted models. WMH are associated with slowing of gait over time. Prevention of WMH presents a potential strategy for the prevention of gait speed decline.
Introduction
Successful aging involves a constellation of cognitive, physical, and physiological stability [1] . Multiple neurological abnormalities that emerge with aging are associated with poor outcomes, including parkinsonism and decline in mobility [2] . In the United States alone, one of the fastest growing age groups of the population are those aged greater than 85, in whom gait abnormalities are present in close to half [3] . Decline in gait speed is a common component of many definitions of abnormal physical aging.
Gait speed, measured by tasks such as the 4-m walk test, has been commonly used in epidemiological studies to Electronic supplementary material The online version of this article (doi:10.1007/s00415-012-6731-z) contains supplementary material, which is available to authorized users. measure gait dysfunction. Slow gait speed correlates with decline in activities of daily living and falls [4, 5] , as well as independence and fitness [6] , and may be particularly important for urban dwelling individuals who need to walk in busy streets or cross intersections [7] . Slow gait speed is also associated with mild cognitive impairment [8] , incident vascular dementia [9] , new onset stroke [10] , and mortality [11] . Risk factors for abnormal gait speed include mostly risk factors for vascular disease [12] [13] [14] [15] ; white matter hyperintensities (WMH) on magnetic resonance imaging (MRI) are also commonly implicated [16] [17] [18] . Previous studies have examined cross-sectional associations where the MRI and gait speed are measured concomitantly, but few have examined the association between MRI findings and a decline in gait speed [19] . Furthermore, few studies have used quantitative volumetric methods for measuring total WMH volumes [20] , or used such methods to examine the regional distribution of WMH. Lastly, few studies have included urban dwelling community cohorts, Hispanics and African-Americans, and high proportions of participants over the age of 80. The current study aimed to examine whether total and regional WMH volume is associated with gait speed in a racially and ethnically diverse community cohort of older adults residing in upper Manhattan. We hypothesized that larger WMH volumes would be associated with slower gait speeds.
Methods

Participants
Participants for this study were in the Washington Heights Inwood Columbia Aging Project (WHICAP), a prospective cohort study examining aging and dementia in Medicare recipients aged 65 or older in northern Manhattan. Recruitment of the cohort has been described in detail previously [21] . Participants were recruited at two time points, beginning in 1992 and 1999, and followed-up every 18 to 24 months. Beginning in 2004, active participants (n = 2776) who did not meet criteria for dementia at their previous follow-up visit were invited to participate in an MRI study. The current analyses are focused on the subset of WHICAP participants who received MRI scans. Detailed description of the derivation of the imaging sample has been reported elsewhere. Briefly, participants were eligible for MRI scanning if they did not meet criteria for dementia at the follow-up visit previous to the planned MRI scan. Those who were enrolled in the MRI cohort were 1 year older and less likely to be women and African-American versus those who did not receive MRI scans but were otherwise eligible; we found no other clinical differences between those who underwent MRI and those who did not [22] . The study received institutional ethics review and approval.
Clinical assessments
Participants underwent in-person interviews about general health and functioning, as well as a medical history. Details of vascular disease assessment have been described elsewhere [23] . A complete medical and neurological examination was carried out; a neuropsychological battery was performed and used to define mild cognitive impairment based on previously published criteria [24] . Dementia was diagnosed based on review of all the available clinical data (apart from neuroimaging results) by neuropsychologists and physicians at a consensus conference following standard research criteria and a neuropsychological battery paradigm as previously described [24, 25] .
Physical performance measures
Gait speed was assessed at two time points: at the visit that corresponds to the initial evaluation of the cohort that was recruited in 1999, and repeated at the visit that was contemporaneous with the MRI scan, beginning in 2004. Gait speed at each visit was calculated by obtaining the mean of two trials of a 4-m straight line course.
Magnetic resonance imaging
MRI was performed at Columbia University on a 1.5 T Philips Intera scanner. T1-weighted anatomical images (TR = 20 ms, TE = 2.1 ms, FOV 240 cm, 256 9 160 matrix with 1.3 mm slice thickness) and T2-weighted fluid attenuated inverse recovery (FLAIR) images (TR = 11,000 ms, TE = 144.0 ms, inversion time = 2,800, FOV 25 cm, 2 nex, 256 9 192 matrix with 3 mm slice thickness) were acquired axially for derivation of regional WMH volume following procedures that have been previously described [26, 27] . Briefly, each subject's T1-weighted image was realigned into a standard anatomical atlas and segmented into grey matter, white matter, and cerebrospinal fluid tissue classes, which were used for brain extraction. A Gaussian curve was fit to voxel intensities on the FLAIR images and WMH seeds were defined as voxels that were above 3.0 SD of the image mean. Each seed was passed into a mean intensity-based region growing algorithm, using a 10-point connectivity scheme, which labeled adjacent voxels that fell within 5 % of the mean intensity value for the seed. This process continued iteratively, such that labeled voxels were added to the image and a new seed mean was created. White matter hyperintensity volume was derived by adding the number of labeled voxels and multiplying by voxel dimensions. To derive regional volumes, frontal, temporal, parietal, and occipital lobes were defined on a standard ''lobar'' atlas were spatially normalized to each subject's labeled FLAIR image using the inverse transform matrix generated from the tissue class segmentation of the T1-weighted image [28] . Regions of interest were defined by a unique identification number for each region and the intersection of the labeled WMH with the anatomical label defined the regional WMH volume. Total WMH volume was defined as the summation of all frontal, parietal, temporal, and occipital volumes and then corrected for total cranial volume (TCV).
A binary definition of large WMH volume normalized for age was used as the primary exposure to define a clinically interpretable quantity of ''large given the patient's age'' based on previously used methods in the Framingham Offspring Study. Given the strong association between age and WMH volume, total WMH volume/TCV was regressed on age and participants with residuals that were more than one standard deviation above the expected mean were defined as having large WMH volume [29] . Regional WMH volumes were used as continuous variables given no accepted categorical definitions. Silent brain infarcts (SBI) were defined based on previously published methods [30] . In brief, SBI were lesions greater than 3 mm in diameter with similar intensity to CSF on T1-and T2-weighted images, and separated from the circle of Willis.
Statistical methods
Population-based studies have shown an association between a speed of \0.5 m/s with several adverse health outcomes [31] , while other studies have shown association between speeds of 0.4, 0.6, 0.8 m/s, and a decline by 0.1 m/s with disability and mortality [31, 32] . We therefore defined the main outcomes in our study as (1) gait speed at the time of MRI of \0.5 m/s (abnormal gait speed), and (2) transition from a gait speed of [0.5 m/s to a speed of \0.5 m/s between the two physical performance measures. We carried out further supplemental analyses using different categorical definitions of gait speed as the outcome including 0.4, 0.6, and 0.8 m/s, as well as for the clinically meaningful decline of 0.1 m/s. Baseline characteristics were compared between those with and without large WMH volumes using a v 2 statistic for categorical variables and 2-sided t-tests for continuous variables. Multivariable logistic regression models were calculated for the main independent variables: (1) large total WMH volume and (2) regional (frontal, temporal, parietal, occipital) WMH volumes. We first carried out univariate analyses (model 1), which were then followed by a model adjusting for baseline characteristics (age, race/ethnicity, sex, mild cognitive impairment or dementia, the length of time between the two physical performance measures, and the initial gait speed measure) (model 2). Additional models (model 3) were adjusted for modifiable vascular disease risk factors (model 2 plus history of clinical stroke, hypertension, diabetes and body mass index). An additional analysis controlled for risk factors that may be in the causal pathway (mediation analysis) was also carried out (model 4) including only large WMH volumes and modifiable vascular disease risk factors (clinical stroke, hypertension, diabetes and body mass index). We tested for interactions between the primary independent variables and age, sex, race/ethnicity, and education. Stratified models were planned only if the p value for the interaction term was \0.05. All analyses were carried out with SAS version 9.2 (Cary, NC). Results were considered significant if the p value was \0.05.
Results
Demographics
A total of 701 participants had volumetric MRI data and physical performance measures available. The demographics and clinical characteristics of the sample are outlined in Table 1 . The mean time interval between the first physical performance measure and MRI was 4.7 years (SD = 0.5), and 95 % of the sample had the MRI done within 6 months of the second physical performance measure. Participants who had large total WMH volume were more likely to be African-American or Hispanic, have hypertension and a clinical stroke, and be diagnosed with mild cognitive impairment; there were no differences in age or BMI. Gait speed at the time of MRI was slower in participants with large WMH volumes (0.75 vs. 0.86 m/s).
Association of WMH with gait speed Table 2 outlines the results examining the associations between physical performance measures and large WMH volume. In univariate analysis there was an association between large WMH volume and abnormal gait speed at the time of MRI, which was no longer present after adjusting for demographics (model 2) and modifiable vascular disease risk factors (model 3). In model 4, however, large WMH volume remained associated with abnormal gait speed. Large WMH volume on the other hand was not associated with the outcome of transition to an abnormal gait speed in adjusted models.
We examined whether regional WMH volumes were associated with abnormal gait speeds (Table 3) . Frontal WMH volumes were associated with abnormal speed at the time of MRI in univariate analysis and in model 4, but not after adjusting for baseline socio-demographic factors (models 2 and 3). Similar results were noted for a transition to an abnormal gait speed.
Other regional volumes (temporal, parietal, occipital) were not associated with any of the outcomes. None of the interactions terms between large WMH volume or regional WMH volumes with age, sex, race/ethnicity, or education was statistically significant.
Association between WMH volumes and additional gait speed cut offs
In supplementary analyses we explored different gait speed cut-offs at the time of MRI, and transition to those speeds, as the outcomes. We examined the association of gait speeds of 0.4, 0.6, 0.8 m/s, and a decline by 0.1 m/s with large WMH volume, and regional WMH volumes (Supplemental Tables 1  and 2 ). Large WMH volumes were associated in univariate models and adjusted models with a transition to each cut-off in gait speed except for 0.8 m/s. Consistent findings were not found for the gait speed at the time of MRI. We found no association between large WMH volumes and a decline of gait speed of 0.1 m/s. Frontal, but not other regional volumes, were associated with gait speed cut-offs at the time of MRI, though not with a transition to each gait speed cut-off. Association between WMH volumes and gait speed adjusted for silent brain infarcts
In univariate analyses there was a strong association between large WMH volume and SBI (OR 3.33, 95 % CI 2.20-5.02). We carried out further analyses including SBI as a covariate in our final models and all of the measures of association were not appreciably different (data not shown). In addition we found no evidence of effect modification by SBI in any of our analyses (p value for interaction terms all greater than 0.2).
Discussion
In our study of elderly ethnically diverse community dwellers we demonstrated that a large WMH volume was associated with slower gait speed and a clinically meaningful transition to a slower gait speed. The findings remained after adjusting for socio-demographic factors and modifiable vascular disease risk factors. Our results did not appreciably change in mediation analyses, suggesting that clinical modification of vascular disease risk factors alone would be unlikely to influence the effect of WMHs on gait speed. The pathological basis of WMH remains poorly characterized, as there are few radiological and pathological correlation studies. In small case series WMH reflect arteriolar ischemic injury, though other pathologies such as venous sclerosis or oligodendrocytic free radical damage, have also been described [33, 34] . Further research will therefore be needed to identify the pathological basis of WMH, as well as subsequent modifiable risk factors that could exist in the causal pathway with gait impairment.
Others have also found an association between WMH and gait speed [16, 18, 20, 33 ], but few have demonstrated an association with decline in gait speed over two time points. We also found that a clinically interpretable definition of large WMH volume for a given age group was associated with gait speed impairment, and in exploratory analyses we noted the strongest effect with a transition to the slowest speeds (0.4 and 0.5 m/s) [31] that are most likely to have an impact on patient outcomes. In regional volumes analyses, frontal WMH volume, but not other regional volumes, was associated in univariate analyses (and marginally in adjusted models) with change in gait speed. The mechanisms by which WMH can influence gait dysfunction and balance are multi-factorial. Frontal cortical and subcortical regions, including bilateral supplemental motor cortex, have been associated with motor control of the lower limbs, and gait control appears to rely on bilateral signals [35, 36] . These same structures lie within the frontal white matter.
Our study has some important strengths, including the high proportion of Hispanic and African-American participants, who have been underrepresented in studies on gait speed and MRI. The cohort also has one of the oldest average ages, for whom the findings regarding impaired mobility may be most relevant. Measures for multiple potential confounders were carefully recorded and adjusted for in the analyses. In our study we explored clinically significant gait speeds, which may be more easily interpreted than an absolute difference in gait speed, and noted an effect in the transition to the slowest gait speeds. We included a method for quantifying regional WMH that allowed us to further examine the potential role of regionally distributed pathology on impaired gait speed. A limitation of our study is the lack of MRI data at both time intervals when gait speed was measured. Thus, we cannot address whether an increase in WMH volumes is also associated with a decline in gait speed. The MRI was obtained at the time of the second gait speed measure, and as such we cannot comment on whether WMH caused the decline, or whether decline preceded the formation of WMH (in this case increased WMH volumes could be the marker of reduced mobility). On the other hand several investigators have shown that WMH volume remains stable or worsens, so we would expect our findings to remain or be stronger had an MRI been done during the initial enrollment. In the Cardiovascular Health Study, 28 % of participants were found to have worsening of their WMH grade over an average of 5 years, with the increasing appearing greater among those with initially severe WMH grades [37] . We may have been underpowered to detect more subtle associations of frontal WMH volume with abnormal gait speed. On the other hand, total burden of WMH may provide more information of maintenance of gait posture, which requires integration of motor and sensory inputs from multiple cerebral locations.
Our results indicate that large total WMH volume is associated with a transition into abnormal gait speed. Given the high prevalence of WMH, the findings could have important clinical implications. Modification of risk factors for the development of WMH could lead to a greater likelihood of preserved mobility in the elderly, highlighting the importance further research on the pathological basis and risk factors for WMH. Our findings identify potential targets for future intervention trials to prevent a decline in gait speed, and support the neuroanatomical literature implicating frontal subcortical circuits in the maintenance of preserved mobility.
